Abstract Aging leads to a progressive decline in immune function commonly referred to as immune senescence, which results in increased incidence and severity of infection. In addition, older males experience a significant disruption in their levels of circulating androgens, notably testosterone and dehydroepiandrosterone (DHEA), which has been linked to sarcopenia, osteoporosis, cardiovascular disease, and diabetes. Since sex steroid levels modulate immune function, it is possible that the age-related decline in androgen levels can also affect immune senescence. Therefore, in this study, we evaluated the pleiotropic effects of physiological androgen supplementation in aged male rhesus macaques (n = 7/group) on immune cell subset frequency and response to vaccination. As expected, frequency of naïve CD4 and CD8 T cells declined in aged non-treated macaques, while that of memory T cells increased. In contrast, frequency of naïve and memory T cells remained stable in androgen-supplemented males. In addition, levels of inflammatory cytokines increased less steeply in supplemented aged males compared to the aged controls. Despite these changes, androgensupplemented animals only showed modest improvement in antibody responses following vaccination compared to age non-treated controls. These data indicate that short-term physiological androgen supplementation can improve some but not all aspects of immune senescence.
Introduction
Aging is accompanied by a decline in immune fitness referred to as immune senescence (Haberthur et al. 2010 ) that affects both innate and adaptive immunity. The most prominent changes include a severe loss of naïve T cells and accumulation of memory T cells, a decrease in CD4/CD8 T cell ratio and B cell numbers (Larbi et al. 2008) , and upregulation of circulating pro-inflammatory cytokines, notably IL-6 and TNFα (De Martinis et al. 2005; Wikby et al. 2006) . The shift from naïve to memory lymphocytes and the heightened systemic inflammation is due in part to reduced bone marrow and thymic output as well as the presence of chronic viral infections, especially cytomegalovirus (CMV) (Müller et al. 2017) . Immune senescence exacerbates morbidity and mortality related to infections (Weinberger et al. 2008a, b) , which remain one of the leading causes of death in the elderly (High 2004 ) and contributes to the development of age-related diseases such as Alzheimer's, atherosclerosis and sarcopenia (Fulop et al. 2015) . The increased susceptibility to infection is compounded by reduced vaccine efficacy. For example, seroconversion following influenza vaccine is 41-58% in persons 60-74 years of age compared to 90% in 18-45-year-old adults (Goodwin et al. 2006) . Moreover, chronic CMV infection interferes with the generation of protective responses to seasonal influenza vaccination (Strindhall et al. 2016) . Given that by 2030, 20% of the US population will be 65 years of age or older, it is imperative that new strategies are developed to delay immune senescence and improve immune responses to vaccination in the elderly.
In men, increasing age is associated with highly attenuated levels of bioactive androgens, especially testosterone and dehydroepiandrosterone (DHEA) (Harman et al. 2001 ). This phenomenon is termed andropause and is believed to contribute to perturbation in sleep-wake cycles (Bremner et al. 1983) , sarcopenia (Vasto et al. 2007 ), osteoporosis (Tivesten et al. 2004; Vanderschueren et al. 2004) , cardiovascular disease (Webb et al. 1999a, b) , and diabetes (Malkin et al. 2004a, b) . The prevalence of hypogonadism, which is defined as testosterone levels below the 2.5 percentile for young men, increases from 35% in 60-year-old men to 70% in 80-year-old men (Harman et al. 2001) .
There is great controversy over diagnosing and treating hypogonadism in older men (Swerdloff and Wang 2011) . Some studies have shown that testosterone supplementation exerts moderate benefit with respect to sexual function, some benefit with respect to mood and depressive symptoms, and no benefit with respect to vitality or walking distance (Cunningham et al. 2016; Snyder et al. 2016a, b) . Other studies indicated that testosterone supplementation might increase the risk of polycythemia (Viallard et al. 2000) , benign prostatic hyperplasia (Holmang et al. 1993) , stroke, and heart attack (Basaria et al. 2010; Vigen et al. 2013; Finkle et al. 2014) . In contrast to these findings, a third set of studies have demonstrated that testosterone supplementation in older men exerts several benefits ranging from improved spatial cognition (Janowsky et al. 1994; Cherrier et al. 2005a, b) and cognitive function (Tan and Pu 2003; Cherrier et al. 2005a, b) to increased muscle mass (Wang et al. 2004; Page et al. 2005 ) and bone density (Tivesten et al. 2004) and decreased severity of cardiovascular disease (Webb et al. 1999a, b) .
Similarly, the effects of androgens on immune function in older men in the immune system remain controversial. Previous studies have reported that androgen ablation in mice and patients with prostate cancer results in increased naive T and B cell output (Ellis et al. 2001; Olsen and Kovacs 2001; Sutherland et al. 2005) . Moreover, medical castration in young men results in a reduced frequency of regulatory T cells (Page et al. 2006) . These data suggest that androgens suppress lymphopoiesis and promote generation of regulatory T cells. On the other hand, androgen supplementation in hypogonadal older men reduced plasma levels of pro-inflammatory cytokines TNFα and IL-1β while increasing those of regulatory cytokine IL-10 (Malkin et al. 2004a, b) . In addition, medical castration of healthy young men reduced IFNγ production by CD8 T cells (Page et al. 2006) . These data suggest that hypogonadism leads to increased inflammation and reduced T cell cytokine responses, both hallmarks of immune senescence.
This study examines the impact of short-term testosterone/DHEA supplementation on immune senescence and the immune response to vaccination in aged male rhesus macaques. Like humans, aged rhesus macaques experience a profound loss of naïve T cells and accumulation of terminally differentiated memory T cells (Asquith et al. 2012 ), a reduced ability to respond to vaccination and infection (Goodwin et al. 2006; Cicin-Sain et al. 2010; Engelmann et al. 2011; Josset et al. 2012) , and increased plasma levels of inflammatory cytokines (Haberthur et al. 2010) . Importantly, like men but unlike most rodents, male rhesus macaques also experience a significant age-related decline in circulating testosterone and DHEA sulfate (DHEAS) levels as well as a marked attenuation of their circadian plasma profiles (Urbanski and Sorwell 2012) , thereby providing a robust animal model in which to investigate the interplay between androgen supplementation and immune senescence. We used a novel administration paradigm that can restore both the magnitude as well as circadian rhythm profiles of circulating androgens in aged male macaques (Urbanski et al. 2014) to determine the impact of androgen supplementation on circulating inflammatory cytokine levels, lymphocyte homeostasis, and the immune response to vaccination.
Our data shows that frequency of naïve CD4 and CD8 T cells remained stable in supplemented aged male macaques, while they declined in aged non-treated macaques. Similarly, levels of inflammatory cytokines increased at a much lower rate in supplemented aged males compared to the aged controls. Despite these improvements, androgensupplemented animals exhibited only modest improvements in the antibody response to H1N1 influenza vaccination compared to age-matched controls, and no improvement in T cell responses was detected. Collectively, these data indicate that a 6-month physiological androgen supplementation can improve some but not all aspects of agerelated decline in immune function.
Materials and methods
Animals and sample collection Three groups of male rhesus macaques were studied (n = 7/group): (1) young adult receiving placebo, (2) aged receiving placebo, and (3) aged receiving testosterone/DHEA. Mean (±SEM) age of young animals was 11.3 ± 0.9 years, aged controls was 24.1 ± 1.0 years, and aged supplemented was 23.7 ± 0.5 years. No significant differences in dietary intake or body weight were observed between groups or with testosterone treatment: mean (±SEM) body weights at the end of the study were 10.0 ± 0.8 kg (young), 10.6 ± 0.6 kg (aged controls), and 11.9 ± 0.9 kg (aged supplemented). Each aged animal in the treatment group acted as its own control. All aged animals were in generally good health and free of major chronic diseases (diabetes, cardiovascular disease, frailty, or significant cognitive decline). All animals were CMV positive. Animals were euthanized after 8 months of treatment, 35 days after seasonal influenza vaccination.
Testosterone was administered orally in sesame oil at the start of the night (12 mg/kg at 7 p.m.), while DHEA was administered in the morning (0.04 mg/kg at 7 a.m. and again at 10 a.m.). This hormone supplementation regimen faithfully recapitulated the 24-h androgen profiles of young animals in aged male macaques. As recently reported (Urbanski et al. 2014) , the young animals used in this study over the same study period had a total (free + bound) nocturnal plasma testosterone peak of ∼25 ng/ml whereas the old animals used in this study over the same study period had a peak of ∼10 ng/ml; supplementation with androgens raised that peak level in the latter group to ∼25 ng/ml. Similarly, that study showed that in young animals, DHEAS had a plasma of ∼150 ng/ml in the morning, whereas the peak was <50 ng/ml in the old animals; supplementation with androgens raised that peak level in the latter group to ∼200 ng/ml (Urbanski et al. 2014 ). Blood samples were collected from each animal on a monthly basis including a pre-treatment/placebo time point. Analysis of immune subsets and cytokines focused on the pre-treatment and the 6-and 8-month time point respectively.
Immunization After 6 months of androgen/placebo treatment, the animals first received Modified Vaccinia Virus (MVA) vaccination (10 8 pfu intramuscularly), and blood samples were obtained at days 0, 7, 14, and 28 post-vaccination. The animals then received the seasonal influenza (Flu) vaccine (on day 28 post-MVA vaccination), and blood samples were again collected on days 7, 14, and 35 post-vaccination. Animals continued to receive androgen supplementation during the vaccination periods.
Measurement of T and B cell frequency PBMCs were surface stained with antibodies against CD8β (Beckman Coulter, Brea, CA), CD4 (eBioscience, San Diego, CA), CD28 (BioLegend, San Diego, CA), CD95 (BioLegend), and CCR7 (BD Pharmingen, San Diego, CA), which allowed for the delineation of naive (CD28+ CD95-CCR7+), central memory (CM; CD28+ CD95+ CCR7+), transitional effector memory (TEM; CD28+ CD95+ CCR7−), and effector memory (EM; CD28− CD95+ CCR7−) CD4 and CD8 T cells (Supplemental Fig. 1a ). PBMCs were also surface stained with antibodies against CD20 (BioLegend), IgD (Southern Biotech, Birmingham, AL), and CD27 (BioLegend) to delineate naive (IgD+ CD27-), marginal zone-like (MZ-like; IgD+ CD27+), memory (IgD− CD27+), and double-negative (DN; IgD− CD27−) B cell subsets (Supplemental Fig. 1a ). The samples were analyzed using the LSRII instrument (Becton Dickenson, San Jose, CA) and FlowJo software (TreeStar, Ashland, OR).
Identification of innate immune cell populations A second tube of PBMC was stained with antibodies against CD3 (BD Pharmingen), CD20 (Beckman Coulter), CD14 (BioLegend), HLA-DR (BioLegend), CD11c (BioLegend), CD123 (BioLegend), and CD8α (Parmingen) to delineate (1) monocytes (CD3− CD20 − CD14+ HLA-DR+), dendritic cells (DCs; CD3− CD20− CD14− HLA-DR+), and NK cells (CD3− CD20− CD8a+). DCs were further defined into myeloid (mDCs; CD123− CD11c+) and plasmacytoid (pDCs; CD123+ CD11c−) DCs (Supplemental Fig. 1b ). Cells were analyzed using the LSRII instrument (Becton Dickenson) and FlowJo software (TreeStar).
Intracellular cytokine staining To measure the frequency of responding T cells, PBMCs were stimulated ex vivo with MVA (multiplicity of infection = 1) or with Influenza A (H1N1) 2009 Monovalent Vaccine (0.15 μg HA antigen/test) for 1 h followed by the addition of brefeldin A (Sigma, St. Louis, MO) for an additional 14 h. After incubation, cells were stained with antibodies directed against CD4, CD8β, CD95, and CD28. Samples were fixed, permeabilized (BioLegend), and stained using antibodies against IFN-γ (eBioscience), TNF-α (eBioscience), and IL-2 (BioLegend) (Supplemental Fig. 1c ). Samples were analyzed using the LSRII instrument and FlowJo software. T cell responses following vaccination were measured on the day of vaccination and then on days 7, 14, and 28 or 35 (for MVA and H1N1 respectively). Responding T cells were identified as those producing TNFα, TNFα/IFNγ, and IFNγ following stimulation (quadrants 2-4, supplemental Fig. 1c ). Background responses detected on the day of vaccination were subtracted from responses detected on days 7, 14, and 28 or 35 post-vaccination.
ELISA Plasma IgG antibody titers were measured on the day of vaccination and then on days 7, 14, and 28 or 35 (for MVA and H1N1 respectively) by enzymelinked immunosorbent assay (ELISA) using plates coated with modified vaccinia virus (MVA) lysate (1 μg/mL) or with Influenza A (H1N1) 2009 Monovalent Vaccine overnight at 4°C (0.15 μg HA antigen/mL Sino Biological, Inc., Beijing, China). Plates were then incubated with heat-inactivated (56°C, 30 min) plasma samples in threefold dilution in triplicates. Plates were developed using horseradish peroxidase (HRP)-conjugated anti-rhesus IgG ( O p e n B i o s y s t e m s , R o c k f o r d , I L ) a n d ophenylenediamine dihydrochloride (OPD) substrate (Sigma). The reaction was stopped with the addition of 1 M HCl. IgG endpoint titers were calculated using the log-log transformation of the linear portion of the curve and 0.1 optical density (Goodwin, Viboud et al.) units as the cutoff. IgG titers were standardized using a positive control sample that was included in every ELISA plate.
Cytokine, chemokine, growth factor analysis Plasma samples (stored at −80°C) collected at baseline and at necropsy (after 8 months of supplementation) were thawed, and the circulating cytokines were measured using non-human primate Cytokine/Chemokine/GF 37-plex panel as per the manufacturer's instructions (eBioscience). Concentrations for IFNγ, IFNα, TNFα, IL1RA, IL1b, IL2, IL4, IL5, IL6, IL7, IL8, IL10, IL12p70, IL13, IL15, IL17A, IL18, IP10, IL23, sCD40L, SCF, MCP1, MIP1α, MIP1β, MIG, Eotaxin, ITAC, BLC, SDF1α, VEGFA, VEGFD, GCSF, GMCSF, BDNF, FGF2, NGFß, and PDGFBB were determined for all samples. Values below the limit of detection of the assay were assigned a value half that of the lowest standard. The levels of IL-4, IL-5, IL-17, GM-CSF, and IL-8 were below limit of detection for all animals at all time points analyzed. For the rest of the analytes, the number of samples below the limit of detection did not exceed 5 out of 42 samples.
Statistical analysis Graphing was performed with GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA). Longitudinal analysis of the frequency of responding immune cells was carried out using a one-way repeated-measures ANOVA model with a compound symmetric variance-covariance structure, followed by Dunnett's multiple comparison post-test to explore differences between the three groups post-vaccination. Cytokine, chemokine, and growth factor levels between the three groups were compared using a two-way ANOVA, followed by Bonferroni's multiple comparison post-test. ELISA titers were log transformed with base 10 to hold the normal distribution assumption. Total antibody responses were determined using area under curve (AUC), which was calculated by trapezoidal integration. Mann-Whitney-Wilcoxon test was used for assessing differences in IgG AUCs between aged controls, supplemented, and young animals. Twoway ANOVA and Bonferroni's multiple comparison post-test were used to determine differences in intracellular cytokine levels post-vaccination between the three groups. Statistical significance for all comparisons was determined at the alpha level of 0.05.
Results

Impact of short-term androgen supplementation on complete blood counts
We first investigated the impact of androgen supplementation on total white blood cells (WBCs), neutrophils, lymphocytes, and monocytes ( Fig. 1) . At baseline, the animals in the androgen supplemented group had similar WBC numbers as the control group. However, after 6 months of androgen supplementation, the supplemented macaques had a higher WBC count than did the aged control macaques (Fig. 1a) . This increase in WBC numbers was mediated by an increase in neutrophil counts after 6 months of supplementation (Fig. 1b) . On the other hand, no significant changes were observed in lymphocyte and monocyte counts (Fig. 1c, d ).
Impact of short-term androgen supplementation on T and B cell populations Loss of naïve T cells and accumulation of highly differentiated memory T cells is a hallmark of immune senescence. Therefore, we next investigated the impact of 6-month androgen supplementation on circulating T (CD4, CD8) and B cell (CD20) subset frequencies. In line with the lack of differences in lymphocyte numbers reported above, flow cytometry analysis showed no significant changes in total circulating T and B cell numbers ( Fig. 2a and Supplement Fig. 2a) . We next investigated changes in the naïve and memory subsets after 6 months of androgen supplementation. As expected, the frequency of naïve CD4 and CD8 T cells slightly declined in aged non-treated macaques, while those of effector memory (EM) CD4 and CD8 T cells increased (Fig. 2b, e) . In contrast, the frequency of naïve and effector memory CD4 and CD8 T cells remained stable in androgen-supplemented macaques (Fig. 2b, e) . Although the longitudinal changes within each group were not statistically significant, together, they resulted in a higher frequency of naïve T cells (Fig. 2b) and a lower frequency of EM T cells (Fig. 2e ) in supplemented animals compared to non-treated controls. No significant changes were seen in CD4 and CD8 central memory (CM) (Fig. 2c) and transitional effector memory (TEM) populations (Fig. 2d) . Similarly, no significant changes in naïve and memory B cell subsets were observed over the 6-month period (Supplement Fig. 2b-e) .
Impact of androgen supplementation on innate immune cells
We next investigated the impact of androgen supplementation on the frequency of monocytes, dendritic cells (DCs), and natural killer (NK) cell subsets after 6 months of supplementation (Supplement Fig. 3 ). No significant differences in frequency of monocytes, DCs, and NK cells or their subsets were observed after treatment or between the three groups (Supplement Fig. 3 ). Monocyte frequency decreased over the 6-month period, but the decline was comparable between the three groups and not significant (Supplement Fig. 3a) . No changes or differences in DC numbers were noted over the 6-month placebo or androgen supplementation (Supplement Fig. 3b ). NK cell numbers increased over the 6-month period, but once again, the change was comparable and not significant among all three groups (Supplement Fig. 3c ). Although initially, the number of myeloid dendritic cell (mDCs) was lower in the androgentreated macaques, this difference was no longer significant between the two groups after 6 months of supplementation due to a slight increase in the supplemented group (Supplement Fig. 3e ).
Androgen supplementation and plasma levels of circulating factors
Aging is accompanied by a significant increase in proinflammatory and decrease in anti-inflammatory cytokine production. Therefore, we compared the circulating levels of cytokines, chemokines, and growth factors in the plasma between the three groups (Fig. 3) . At baseline, there were no differences in cytokine levels between the two aged groups. However, after 6 months of supplementation, plasma levels of pro-inflammatory cytokines IL-15, IL-6, and IL-1β were lower in the androgen-supplemented males than in the non-treated animals ( Fig. 3a-c) , while the opposite was true for the anti-inflammatory cytokine, IL-1RA (Fig. 3e, f) . A slower increase in TNFα and a higher increase in IL-10 levels were observed in supplemented animals compared to non-treated animals, but these changes did not result in significant differences after 8 months of supplementation (Fig. 3d, e) . No other changes were detected in the other cytokines/chemokines or growth factors analyzed (data not shown). Principal component analysis (PCA) of these cytokines (IL-1β, TNFα, IL-15, IL-6, IL-10, IL-1RA) showed the supplemented and young animals clustering together, while the aged controls remained segregated after 8 months of androgen supplementation (Fig. 3g) .
Androgen supplementation and immune response to vaccination
We next investigated the impact of androgen supplementation on the immune response to MVA and seasonal H1N1 influenza vaccination (Fig. 4) . First, we measured MVA and H1N1 influenza-specific IgG antibody end-point titers (Fig. 4a, b) . Young animals generated a robust antibody response that peaked 14 days postvaccination (Fig. 4a, b) . Aged non-treated and supplemented animals generated lower IgG antibody responses than did the young group. Compared to the aged non-treated macaques, the aged supplemented macaques had slightly higher, but not significant, overall IgG response (area under the curve (AUC) = 3406 in supplemented versus 2203 in controls and 6046 in young animals). Following H1N1 influenza vaccination, both young animals and supplemented aged animals generated a more robust antibody response compared to the aged non-treated macaques. Similarly, overall IgG responses were higher in young and supplemented aged macaques compared to aged non-treated animals (AUC = 4272 aged supplemented compared to 4909 in young animals and 2381 in controls).
To further investigate the impact of androgen supplementation on T cell response to MVA and Flu vaccinations, we compared the frequency of responding T cells (assessed based on the production of antiviral cytokines TNFα and/or IFNγ; see BMethods and materials^sec-tion and Supplemental Fig. 1c) following the Fig. 3 Plasma cytokine profiles. a-f Pro-inflammatory (a-d) and anti-inflammatory e-f cytokine levels were determined using Luminex technology at the baseline and necropsy time points. Left y-axis, mean pg/ ml ± SEM (*P < 0.05; ****P < 0.0001 supplemented macaques compared to aged nontreated controls; #P < 0.05; ####P < 0.0001 young macaques compared to non-treated aged controls). (Fig. 4c, d ). As described for the antibody response, T cell responses also peaked 14 days postvaccination (data not shown). Frequency of responding CD4 and CD8 memory cells was comparable between the two aged groups following both MVA and influenza vaccinations. Young animals generated a slightly larger, albeit not statistically significant, T cell response compared to aged animals ( Fig. 4c, d ).
Discussion
This study examined the impact of testosterone/DHEA supplementation on immune senescence in aged male rhesus macaques. We assessed the frequency of naïve and memory T and B cell subsets, innate immune cells, plasma levels of key pro-and anti-inflammatory cytokines, and the immune response to vaccination with MVA as well as the seasonal H1N1 influenza vaccine.
Our results showed that short-term physiological androgen (testosterone and DHEA) supplementation designed to mimic the circulating 24-h pattern of young animals maintained the frequency of naïve T cells, slowed the increase in plasma levels of some pro-inflammatory cytokines while accelerating the increase in the antiinflammatory cytokine IL-1RA, and modestly improved IgG antibody response to seasonal H1N1 influenza vaccine in aged male rhesus macaques. One of the most striking features of immune senescence is the loss of naïve T cells (Fagnoni et al. 2000) , believed to be largely due to diminished thymic output (Naylor et al. 2005) , increased homeostatic proliferation, and life-long exposure to chronic pathogens such as CMV (Czesnikiewicz-Guzik et al. 2008) . Similarly, rhesus macaques experience a progressive loss of naïve T cells and a concomitant increase of memory T cells, especially CD8+ effector memory (EM) T cells (Haberthur et al. 2010; Asquith et al. 2012) . Data presented here show that androgen supplementation was associated with a better maintenance of naïve CD4 and CD8 T cell frequencies. Our data are in contrast to previous studies that showed castration of aged male mice and prostate cancer patient results in increased thymic/bone marrow output and increased frequency of naïve T cells (Olsen and Kovacs 2001; Sutherland et al. 2005) . This difference could be due to the fact that mice do not undergo age-related decline in androgen levels, and that previous clinical studies focused on cancer patients. In contrast, our study utilized healthy aged rhesus macaques which showed a normal age-related decline in physiological levels of circulating androgens.
Aging of the immune system is also associated with an increase in the production of inflammatory cytokines, especially IL-6 and TNFα (De Martinis et al. 2005 ). This phenomenon, often referred to as Binflammaging,î s hypothesized to contribute to the development and/or aggravation of several chronic diseases such as Alzheimer's and osteoporosis (De Martinis et al. 2005) . Both IL-6 and IL-1RA levels are increased in older macaques, consistent with the concept of inflammaging (Asquith et al. 2012) . Earlier clinical studies showed that testosterone treatment of hypogonadal men led to decreased plasma levels of TNFα and IL-1β and increased IL-10 levels (Stanworth and Jones 2008) . Our data showed that 6 months of androgen supplementation slows the agerelated increase in plasma levels of pro-inflammatory cytokines IL-15, IL-6, and IL-1β, while the increase in the anti-inflammatory cytokine IL-1RA was higher. Together with published clinical data (Stanworth and Jones 2008) , these observations suggest that amelioration of systemic inflammation following androgen supplementation could explain its beneficial effect on atherosclerosis and diabetes (Malkin et al. 2004a (Malkin et al. , 2004b .
Interestingly, and in contrast to our earlier studies (Haberthur et al. 2010; Asquith et al. 2012 ), we did not detect a significant difference in the frequency of naïve and memory T and B cell subsets or levels of inflammatory cytokines between young and aged macaques in this study. However, aging is a highly heterogeneous process and it is possible that the aged animals we selected were healthier than the norm (successful agers) and therefore did not display classical hallmarks of immune senescence.
Age-related changes in immunity leads to reduced immune response to infection and vaccination, which in turn contribute to increased morbidity and mortality from infectious diseases (Weinberger et al. 2008a (Weinberger et al. , 2008b . Thus, we next measured the effect of androgen supplementation on the immune response following MVA and the seasonal influenza vaccinations. As described for humans, aged rhesus macaques generate a reduced B cell response to MVA and seasonal influenza vaccination compared to young animals (Cicin-Sain et al. 2010; Engelmann et al. 2011; Carroll et al. 2014) . Our data show that aged controls generated lower antibody responses than those observed in the young animals following MVA and influenza vaccinations. While androgen-supplemented males generated a comparable IgG response to non-treated controls following MVA vaccination, they generated a higher IgG antibody response post influenza vaccination than the aged nontreated controls.
In summary, data presented in this manuscript suggest that short-term physiological androgen supplementation can improve some aspects of immune senescence (slow conversion of naïve to memory T cells and age-related increase in some inflammatory cytokines and improve IgG antibody response to H1N1 influenza vaccine) but not restore or reverse all aspects of immune senescence. A limitation of our study is the short duration of androgen supplementation (6 months) which is a very small window when one considers the long lifespan of rhesus macaques (34 years). Finally, the small group size may have precluded us from detecting more significant differences between treated and supplemented aged macaques. Nevertheless, these studies pave the way for longer studies that can also investigate the mechanisms underlying the reduced rate of naïve T cell loss and increased levels of inflammatory cytokines as well as the biological impact of improved IgG antibody levels following influenza vaccination.
